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Abstract 

Inflammatory mediators binding to Toll-Like receptors (TLR) induce an influx of 

superoxide anion in the ensuing endosomes. In endothelial cells, endosomal surplus of 
superoxide causes pro-inflammatory activation and TLR4 agonists act preferentially via 

caveolae-derived endosomes. To test the hypothesis that SOD delivery to caveolae 
may specifically inhibit this pathological pathway, we conjugated SOD with antibodies 
(Ab/SOD, size ~10nm) to plasmalemmal vesicle-associated protein (Plvap) that is 

specifically localized to endothelial caveolae in vivo and compared its effects to non-
caveolar target CD31/PECAM-1. Plvap Ab/SOD bound to endothelial cells in culture 

with much lower efficacy than CD31 Ab/SOD, yet blocked the effects of LPS signaling 
with higher efficiency than CD31 Ab/SOD. Disruption of cholesterol-rich membrane 
domains by filipin inhibits Plvap Ab/SOD endocytosis and LPS signaling, implicating the 

caveolae-dependent pathway(s) in both processes. Both Ab/SOD conjugates targeted 
to Plvap and CD31 accumulated in the lungs after IV injection in mice, but the former 

more profoundly inhibited LPS-induced pulmonary inflammation and elevation of plasma 
level of interferon-beta and -gamma and interleukin-27. Taken together, these results 
indicate that targeted delivery of SOD to specific cellular compartments may offer 

effective, mechanistically precise interception of pro-inflammatory signaling mediated by 
reactive oxygen species.  

 
Key words: intracellular delivery; endothelial cells; vascular immunotargeting; 

plasmalemmal vesicle-associated protein; caveolae.  
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Introduction 

 

Caveolae are flask-shape invaginations of the cholesterol-enriched domains in the 
plasmalemma, decorated on the cytosolic side by caveolin-1 [1-4]. They are abundant in 

the endothelial cells, among some other cell types [5]. Caveolae give rise to the 
corresponding endocytic vesicles (outer diameter ~60-80 nm) and play a wide range of 
transporting and signaling functions [4, 6]. Accordingly, caveolae are important targets for 

pharmacological interventions.  

For example, caveolar endocytosis is implicated in action of pro-inflammatory 

mediators including cytokines and lipopolysaccharide (LPS) [7, 8]. Binding of these 
mediators to cognate receptor may lead to endocytosis of ligand-receptor complex 
concomitant with activation NADPH oxidase (NOX) in the membrane of ensuing 

endosomes [9, 10]. Superoxide anion fluxed by activated NOX in the endosomal lumen 
mediates intracellular signaling leading to pro-inflammatory endothelial activation [10, 11]. 

In theory, this pathological pathway can be effectively inhibited by delivery of appropriate 
antioxidant such as superoxide dismutase (SOD) in the caveolae. 

Targeted drug delivery to caveolae in general is an area of high interest, since it 

may enable unique pharmacological interventions including the trafficking to cellular 
organelles other than lysosomes and ability to transcytosis [12-14]. For example, affinity 

ligands of caveolar determinants gp60 (i.e. albumin), aminopeptidase P and Annexin A1 
undergo transcytosis [15-18]. Polyelectrolytes were used to target lipid-rich domains of 
caveolae [19]. Yet, caveolar drug targeting is still in its infancy. Attempts were made to 

deliver low molecular weight drugs or imaging agents using caveolae-dependent 
endocytosis such as induced by folate or LDL receptors [20-22]. To our knowledge, there 

were no reports on caveolar targeting of therapeutic enzymes. Moreover, this is the first 
study employing Plasmalemmal vesicle-associated protein (Plvap or PV1) as a target for 
drug delivery. 

Plvap localizes specifically in caveolae [23, 24] and fenestrations [25-27]. It is 
particularly abundant in the caveolae in the pulmonary microvascular endothelium [28]. In 

this study, we for the first time exploited targeted delivery of a therapeutic enzyme, 
superoxide dismutase (SOD), to endothelial caveolae using Plvap as the target 
determinant in order to suppress LPS-mediated pro-inflammatory response.   
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MATERIALS AND METHODS 

Reagents and antibodies 

Dimethylformamide (DMFA), dimethyl sulfoxide (DMSO), fetal bovine serum, 

lipopolysaccharide (LPS) from E. coli O55:B5, polyinosinic-polycytidylic acid (poly(I:C)), 
filipin III from Streptomyces filipinensis, wortmannin, and (mono)-dansylcadaverine 
(MDC) were purchased from Sigma (St. Louis, MO). Cu, Zn-superoxide dismutase 

(SOD) from bovine liver is from Calbiochem (San Diego, CA), 4-[N-
maleimidomethyl]cyclohexane-1-carboxylate (SMCC), N-succinimidyl-S-

acetylthioacetate (SATA) were from ThermoFisher Scientific (Grand Island, NY). 
Monoclonal antibody MEC-13.3 towards murine PECAM was from BD Biosciences (San 
Jose, CA). Rat anti-murine Plvap monoclonal antibody IgG2a clone MECA32-secreting 

hybridoma was obtained from the Developmental Studies Hybridoma Bank (developed 
under the auspices of the NICHD and maintained at the University of Iowa, Department 

of Biology, Iowa City, IA 52242). Cells were grown in PFHM-2 (ThermoFisher Scientific) 
and antibody to murine Plvap was purified using Protein G-Sepharose 4 Fast flow. Rat 
IgG2a negative control antibody (clone 2A3) was from EMD Millipore. For Western blot 

analysis (WB) and immunocytochemistry (ICC) the following antibodies were used: goat 
polyclonal anti-mouse VCAM and anti-mouse PECAM (Santa-Cruz Biotech., Dallas, 

TX), anti-beta-actin, conjugated to HRP, rabbit monoclonal anti-caveolin-1 (Abcam, 
Cambridge, MA). The secondary antibodies, anti-goat-HRP were from Santa-Cruz, 
whereas chicken anti-rabbit Alexa Fluor 488 labeled, goat anti-rat Alexa Fluor 488 or 

594 labeled were from Invitrogen (ThermoFisher Scientific), chicken anti -goat Alexa 
Fluor 647 labeled were from Life Technologies Molecular Probes (ThermoFisher 

Scientific). 
 
Conjugate preparation 

Antibodies were conjugated with SOD using amino-chemistry. Protected SH-groups 
were introduced in the molecule of antibody via primary amines using SATA at a molar 

ratio antibody:SATA 1:20 at room temperature for 30 min followed by SH-groups de-
protecting with 50 mM hydroxylamine for 2 h. Maleimide groups  were introduce into 
SOD molecule using SMCC (SOD:SMCC 1:6 molar ration for 1 h at room temperature). 

Unreacted compounds were always removed by 7K MWCO Zeba Spin Desalting 
Columns (Thermo). Conjugation was performed at 1:1 Ab:SOD molar ratio for 1 h on 

ice. The effective diameter of the obtained conjugates was measured by Dynamic light 
scattering (DLS) using Zetasizer Nano ZSP (Malvern Instruments Ltd., Malvern, UK). 
Conjugates were frozen and stored at -80°C before use. For binding and bio-distribution 

studies SOD was radiolabeled with Na125I (PerkinElmer, Waltham, MA) prior to 
conjugation in order to trace the delivery of drug molecule rather than antibody. 

Iodination was performed using Pierce Iodination Beads (Thermo Scientific, Rockford, 
IL) as recommended by the manufacturer. Radioactivity was measured using Wallac 
1470 Wizard™ gamma counter (PerkinElmer). 

 
Cell culture and treatment 

Human umbilical vein endothelial cells (HUVEC; Lonza Walkersville, Walkersville, MD) 
were maintained in EGM-2 medium (Lonza) additionally supplemented with 10% fetal 
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bovine serum and antibiotic/antimycotic (Invitrogen) in Falcon tissue culture flasks (BD 
Biosciences, San Jose, CA) pre-coated with 1% gelatin. Murine immortalized 

endothelial cells bEnd3 were obtained from ATCC (Manassas, VA) and were grown in 
DMEM supplemented with 10% fetal bovine serum and antibiotic/antimycotic solution. 

For cell activation LPS or polyinosine-polycytidylic acid (poly(I:C)) were added to cells in 
complete medium for 4-5 h. Inhibitors were introduced 30 min prior treatment. The 
following inhibitors were used: 3 µg/ml filipin (caveolin-dependent endocytosis), 0.5 µM 

wortmannin (macropinocytosis), 50 µM MDC (clathrin-mediated internalization).  
 
SDS-polyacrylamide gel electrophoresis and Western blotting  

Cells in 24 well culture dishes (app. 100,000 cells per well) were washed twice with 
phosphate-buffered saline (PBS) and lysed in 100 µl of sample buffer for sodium 

dodecyl sulfate polyacrylamide gel electrophoresis. Total cellular proteins were 
subjected to 4-15 % gradient gel, transferred to PVDF membrane (Millipore). The 

membrane was blocked with 3% nonfat dry milk in TBS-T (100 mM Tris (pH 7.5), 150 
mM NaCl, 0.1 % Tween 20) for 1 h followed by incubations with primary and HRP-
conjugated secondary antibodies in the blocking solution. The signal was detected 

using ECL reagents (GE Healthcare).  
 
Internalization studies 

For internalization studies bEnd3 cells were grown on 1% gelatin coated glass 
coverslips, treated with Ab/SOD conjugates, washed three times with PBS, fixed with 

ice-cold 2% paraformaldehyde for 15 min and incubated with Alexa Fluor 594-labeled 
goat anti-rat IgG (both MECA32 and MEC13 clones are rat monoclonal antibodies) for 1 

h at room temperature. Then cells were washed and permeabilized with 0.2% Triton X-
100 for 15 min prior staining with Alexa Fluor 488 goat anti-rat IgG for 1 h at room 
temperature. Samples were washed and mounted using ProLong Gold antifade reagent 

with DAPI (Invitrogen). Fluorescence images for internalization studies were acquired 
using a Nikon Eclipse TE2000-U fluorescence microscope equipped with a Plan Apo 

×40/1.0 oil objective (Nikon, Tokyo, Japan). Single-labeled conjugates (appeared as 
green) were considered as internalized while double-labeled conjugates (appeared as 
yellow) were considered to be extracellular. Microscope control and image processing 

were carried out using Image-Pro Plus 4.5.1.27 (Media Cybernetics, Bethesda, MD, 
USA) as described earlier [29]. Internalization rate was calculated as ratio of double-

labeled yellow area to total green labeled area and expressed as % Internalization.  
 
Co-localization studies 

Cells were grown on 1% gelatin coated glass coverslips. After incubation with Ab/SOD 
cells were washed, fixed with ice-cold 2% paraformaldehyde for 15 min and 

permeabilized with 0.2% Triton X-100 for 15 min prior staining with antibodies. 
Conjugates were stained with Alexa Fluor 594-labeled goat anti-rat IgG. Caveolin-1 was 
stained first with anti-caveolin-1 rabbit antibodies followed by chicken anti-rabbit Alexa 

Fluor 488 labeled. Co-localization studies were performed on a confocal laser scanning 
microscope Leica TCS-SP8 (Leica, Germany) using HC PL APO CS2 63x/1.40 Oil 

objective and 488/552/638 lasers. Image analysis was performed using Volocity 6.3 
Cellular Imaging & Analysis. 
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Binding of Ab/SOD to endothelial cells  

For binding studies SOD was labeled with 125I and SOD was conjugated to antibody. 
Ab/125I-SOD conjugates were incubated with cells at 37°C for 1 h, unbound materials 

were washed out and cells were lysed with lysis buffer (1% Triton X-100, 1.0 M NaOH). 
Bound radioactivity was measured using a Wallac 1470 Wizard™ gamma counter 
(Gaithersburg, MD). 

 
Biodistribution of Ab/SOD conjugates in vivo  

Animal experiments were performed according to the protocol approved by the 
Institutional Animal Care and Use Committee (IACUC) of the University of 
Pennsylvania. 125I-radiolabeled Ab/SOD conjugates preparation, detailed biodistribution 

studies and data analysis are described earlier [30]. Tissue radioactivity was determined 
using a Wallac 1470 Wizard™ gamma counter. The results were used to calculate four 

parameters characterizing the total and relative SOD uptake, Ab/SOD conjugate 
biodistribution, and targeting. The percentage of injected dose per gram of tissue 
(%ID/g) allows comparison of conjugate targeting to different organs and evaluates 

tissue selectivity of the conjugate uptake. The ratio between %ID/g of an organ and that 
of blood represents the localization ratio (LR). This parameter normalizes for possible 

conjugate differences in the circulating levels. Finally, the immunospecificity index (ISI) 
was calculated as a ratio of LR of targetable conjugate to that of control (nonimmune) 
conjugates (i.e. ISI = LRAb/LRIgG). ISI is the most objective parameter that estimates 

targeting specificity [31]. 
 
Endotoxemia model in mice  

The in vivo experiments was performed on 6-8 week old male C57BL/6 mice (20-25 g) 
and conducted in accordance with the guidelines approved by the Institutional Animal 

Care and Use Committee at University of Pennsylvania. Ab/SOD conjugates (75 µg) 
were injected i.v. 15 min prior to LPS (0.8 mg/kg) via tail vein [32]. Five hours after the 

LPS challenge, the lungs were perfused with PBS and harvested. Lungs were added 
with 1 ml of PBS supplemented with protease inhibitor cocktail and homogenized with 5 
mm stainless steel bead using TissueLyser II (both are from Qiagen, Valencia, CA) 

during 6 min at 30 Hz. Tissue homogenate was further lysed by addition of 0.5% Triton 
X-100, 0.5% SDS (final concentrations) followed by incubation on rotating platform for 1 

h at +4ºC. Homogenates were sonicated with six 3-s strokes at 30% power using a 
Sonic Processor FB120 (Fisher) and centrifuged 10 min at 16,000 g. Aliquot of clear 
supernatant was collected and protein concentration in the samples was measured by 

the DC Protein Assay (Bio-Rad, Hercules, CA). Samples were subjected on Ready gel 
4-15% Tris-HCl (Bio-Rad). VCAM and active expressions were analyzed by Western 

blot using appropriate antibodies and VCAM level was normalized by actin.  
 
Cytokine measurements  

Plasma cytokines were measured on a BD Accuri C6 Flow Cytometer (BD Biosciences, 
San Jose, CA) using the LEGENDplex Mouse Inflammation Panel and LEGENDplex 

v.7.0 software (BioLegend, San Diego, CA). This panel allows simultaneous 
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quantification of 13 mouse cytokines, including IL-1α, IL-1β, IL-6, IL-10, IL-12p70, IL-
17A, IL-23, IL-27, MCP-1, IFN-β, IFN-γ, TNF-α, and GM-CSF.  

 
Statistical Analyses  

All values were expressed as means±SEM unless indicated otherwise. For comparison 
of two groups, statistical significance was estimated by Student’s t test, where P≤0.05 
was considered significant.  
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RESULTS AND DISCUSSION 

 

Endothelial targeting of drugs holds promise to advance pharmacotherapy of many 
maladies [33-36]. This approach demonstrated superiority over untargeted drugs in 

numerous animal studies [15, 37-42]. For example, Ab/SOD targeted to endothelium via 
CD31/PECAM-1 inhibits oxidative stress and inflammation more effectively than 
untargeted SOD, IgG/SOD or PEG-SOD [7, 32, 37]. Ab/SOD endocytosis seems to be of 

critical importance in this anti-inflammatory activity [7, 32], since it grants the enzyme an 
access to its substrate, superoxide anion generated in endothelial endosomes in 

response to pro-inflammatory agonists [10, 11]. Of note, different agonists use distinct 
cognate receptors and endocytic pathways. Caveolae were recently implicated in 
signaling mediated by LPS and TNF [43, 44]. Here we devise targeting SOD to 

endothelial caveolae, using Plvap as an anchoring molecule [28, 45]. 

 
Antibody/SOD conjugates (Ab/SOD). Caveolar targeting of nanoparticles is 

challenging due to limited access. Outer diameter of caveolae has an average outer 
diameter of ~70 nm [1], while the stomata opening is about 15-40 nm [46]. Conjugation of 

caveolar ligands yielding compounds bigger than 50-70 nm obliterates targeting [16, 47].   

 

 
 
 

 
 
 

 
 
 

 
 
 

Figure 1. DLS analysis of size of Plvap (A) and PECAM Ab/SOD (B). SH-groups were introduced in 
antibody molecule, while the enzyme was modified to add maleimide group. Conjugation was performed 
for 1 h at room temperature.   

 

In this study we directly conjugated SOD with rat monoclonal antibodies to Plvap 
(clone MECA-32), PECAM (clone MEC 13.3) or with negative control rat IgG2a (clone 

2A3) using amino-based cross-linking [37]. DLS showed an average size of Ab/SOD 
close to 10 nm (Fig. 1), with the polydispersity index PDI <0.35. Both relatively modest 

enlargement of Ab/SOD vs size of unconjugated IgG (~8.5 nm) and results of Western 
blot analysis (not shown) imply that Ab/SOD are monomolecular conjugates containing 
one molecule of IgG and SOD each. 

 
Filipin-sensitive pathway(s) mediate both endothelial activation by LPS and 

Ab/SOD uptake. Cellular receptors may serve signaling of inflammatory agonists via 

specific endosomes [10]. Previous reports implicated TLR4, associated with lipid rafts 
and caveolae on several cell types, in LPS-mediate signaling, respectively [48-51]. We 

tested effect of inhibitors of endocytosis on response to LPS in bEnd3 cells, 
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immortalized murine endothelial cell line [52], that expresses Plvap (Supplement Figure 
1).  

  
Filipin, an agent disrupting cholesterol-rich domains of cellular membranes, 

inhibits endothelial activation by LPS, while macropinocytosis (EIPA) and clathrin-
mediated endocytosis (monodansylcadaverine, MDC) inhibitors did not affect it. In 
contrast, wortmannin, an inhibitor of PI3-kinases, inhibits activation by poly(I:C), a 

synthetic cognate ligand and agonist of a distinct toll-like receptor TLR3 (Fig.2).  
 

 
 
 

 
 

 
 

Figure 2.  Effects of endocytosis inhibitors on VCAM expression by HUVEC in response to LPS (A) 

and poly(I:C) (B) treatments. Cells were preincubated with filipin (1.5 µg/ml), wortmannin (0.5 µM), or 
MDC (50 µM) for 30 min followed by 5 h treatment either with LPS (2 µg/ml) or poly(I:C) (200 µg/ml). 
VCAM expression was probed by Western blotting analysis. Actin was used as gel loading control. 

 

Filipin also inhibited the endothelial endocytosis of Plvap Ab/SOD (Fig.3), thereby 
implicating cholesterol-rich lipid rafts and caveolae in the uptake of this conjugate. In 

contrast, filipin did not affect uptake of PECAM Ab/SOD (Fig.3), which squares well with 
previous reports implicating a non-canonical endocytic pathway distinct from caveolar, 

clathrin and classical macropinocytosis [53].  
 

 
 
 

 
 
 

 
 

 
 
Figure 3. Endocytosis of Ab/SOD targeted to Pvlap or PECAM by bEnd3 cells treated with 1.5 µg/ml 

filipin (inhibitor of caveolar endocytosis) or 50 µM monodansylcadaveirine (MDC, inhibitor of clathrin-
mediated endocytosis) for 30 min before incubation with Ab/SOD for 1 h. (A). Green and yellow colors are 
internalized and surface-bound particles, respectively. Nuclei are stained with DAPI (blue). (B). 

Quantification of the representative images (n≥3; *P≤0.05 treatment vs. untreated control).  

 
Further, Plvap-targeted, but not PECAM-targeted Ab/SOD co-localized with 

caveolin-1 (Fig. 4). Images analysis showed that Pearson coefficient of co-localization 
was 0.56±0.07 vs. 0.25±0.08 for Plvap vs. PECAM Ab/SOD, respectively.  
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Figure 4. Co-localization of Ab/SOD conjugates with caveolin-1. Murine endothelial cells bEnd3 were 

incubated with Ab/SOD for 2 h on ice to prevent endocytosis, unbound Ab/SOD were washed and cells 
were exposed for 15 min to 37ºC, then fixed and co-localization of Ab/SOD (red) and caveolin-1 (green) 
was visualized by confocal microscopy (0.3 µm slice thickness). Nuclei are stained with DAPI (blue). Bar 

= 20 µm. Representative areas are shown. 

 

Taken together, results presented in this section are consistent with the notion 

that endothelial cells take Plvap-targeted Ab/SOD via filipin-sensitive endocytic pathway 
that also serves signaling by LPS. Therefore, Plvap Ab/SOD is targeted to cholesterol-

rich endothelial compartments that also can be involved in LPS signaling. 
 

Binding and effect of Plvap and PECAM Ab/SOD conjugates in bEnd3 cells. 

Binding of PECAM Ab/SOD to endothelial cells 30-40-fold exceeded that of Plvap 
Ab/SOD (Figure 5A). This is not entirely unexpected, because PECAM, commonly used 

as endothelial cell marker, is expressed at very high level by endothelial cells of any 
type, whereas Plvap expression is more dependent on the origin and state of the cells 
and its expression is often significantly reduced or lost in cultured cells.  

 
Nevertheless, bEnd3 cells utilized in this study expressed Plvap at detectable 

level and responded to LPS by inducible expression of VCAM-1 (Supplement Figures 1 
and 2). We used this biomarker as readout of inflammatory endothelial activation in the 
following studies testing effect of Ab/SOD on LPS-induced endothelial activation.  

 
We found that despite remarkably less effective binding, Plvap Ab/SOD inhibited 

LPS-induced VCAM-1 expression as effective as highly bound PECAM Ab/SOD 
(Supplement Figure 3). Based on binding data we calculated efficacy of cell-bound 
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Plvap and PECAM Ab/SOD and found that the former was an order of magnitude more 
effective than PECAM-targeted Ab/SOD in inhibition of LPS-induced VCAM response 

(Fig. 5B).  
 

 

Figure 5. Binding of antibody-SOD conjugates to bEnd3 murine endothelial cells and protection against 
cell activation by LPS. (A). Cells were incubated with Ab/SOD (pre-labeled with 

125
I-SOD) for 1 h, washed, 

and lysed. Bound fraction of labeled SOD was measured using a gamma-counter. Inset, anti-Plvap/SOD 
binding in zoomed Y axis. (B). Protection of LPS treated cells. Cells were preincubated with incremental 
concentrations of either anti-Plvap/SOD or anti-PECAM/SOD for 30 min and LPS was added to the 

medium (2 µg/ml, 5h). Bound fraction was calculated from binding experiments. VCAM expression was 
detected by Western blotting, quantified, and normalized by actin as gel loading standard.  

 
Vascular pulmonary targeting and anti-inflammatory effects of Plvap vs. 

PECAM Ab/SOD. Cell culture studies have limited relevance to human physiology. For 

example, immortalized mouse pulmonary endothelial cells internalize Plvap antibody 

MECA32 via unusual pathway resistant to genetic elimination of caveolin-1, clathrin and 
dynamin [54]. We embarked on in vivo studies in mice as the ultimate validation of 

trends observed in cell cultures.  
 
To characterize the endothelial targeting we determined accumulation of Ab/SOD 

in the lungs after intravenous injection in mice. The pulmonary vasculature represents 
about 20% of the total endothelial surface in the body and receives total cardiac blood 

output after intravenous (IV) injection, whereas all other organs share the leftovers. For 
these reasons, agents having endothelial affinity preferentially accumulate in the 
pulmonary vasculature after IV injection [55]. 

 
Tracing of radiolabeled 125I-SOD conjugated with antibodies to PECAM or Plvap 

or control IgG showed that 1h after injection the pulmonary uptake of PECAM and Plvap 
Ab/SOD markedly exceeded that of IgG/SOD (55.3±1.3, 96.2±17.6, and 4.7±0.5 %ID/g 
of tissue for PECAM, Plvap, and IgG, respectively), while blood level of IgG/SOD was 

higher than that of PECAM and Plvap Ab/SOD (5.7±1.6, 2.8±0.1, and 17.9±1.6 %ID/g of 
blood for PECAM, Plvap, and IgG respectively; Supplemental Table S1). Organ-to-

blood ratio (i.e. Localization ratio) of PECAM and Plvap Ab/SOD, the parameter of 
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biodistribution that compensates for differences in the blood pharmacokinetics, was 
close to 17-20 in lungs for both conjugates (Fig. 6A).  

 
 

Figure 6. Biodistribution of Ab/SOD conjugates and protection against LPS. (A) Pulmonary 
accumulation of Ab/

125
I-SOD in mice. Shown is Localization ratio, i.e. tissue level as % of injected dose 

per g of tissue (%ID/g) normalized by %ID/g in blood (*P≤0.05 Ab vs. IgG). (B) Inhibition of LPS-induced 
VCAM expression in lungs by Ab/SOD, Western blot analysis (

#
P≤0.05 vs. untreated group, *P≤0.05 vs. 

LPS-treated group). Data are mean±SEM, n≥3. 

 

To test pro-inflammatory endothelial activation, we determined the level of VCAM-1, the 
inducible marker of inflammation, in mice challenged with LPS. At the rate-limiting dose 

at conditions used in the study, Plvap Ab/SOD, but not PECAM Ab/SOD blocked LPS-
induced VCAM-1 expression in the lungs (Fig. 6B).  

 
Further we measured the level of circulating cytokines in blood, to evaluate systemic 
effects of Ab/SOD. Plvap Ab/SOD consistently inhibited LPS-induced elevation of IFNγ, 

IFNβ and IL-27, whereas PECAM Ab/SOD inhibited the elevation of IFNβ (Fig. 3). 
 

 
 
 

 
 

 
 
 

  

Figure 7. Protection by Plvap Ab/SOD conjugate against systemic inflammation. Mice were injected 

i.v. with Ab/SOD (75 µg) 15 min prior LPS (0.8 µg/kg). After 5 h blood was collected and markers of 
systemic inflammation interferon-beta (a), interferon-gamma (B) and IL-27 (C) were measured in plasma 
using flow cytometry. n≥3; *P<0.05, **P<0.001. 

 

IL-27 expression is regulated by NF-κB pathway [56] whereas IFNs are IRF3/NFκB-

dependent products [57, 58]. Thus Plvap Ab/SOD presumably inhibits both MyD88- and 
TRIF-dependent TLR4 signaling.  
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LPS does not affect targeting of Plvap Ab/SOD to the pulmonary vasculature 

Based on these results, it is tempting to postulate that by virtue of caveolar targeting 
Plvap Ab/SOD may provide precise and effective intervention in LPS-mediated vascular 

inflammation such as in sepsis. 
 
 

 
 

 
 
 

 
 
 

 
 
 

 
 
 

 
 

 

Figure 8. Effects of LPS on biodistribution of anti-PV1/SOD conjugates. Animals were treated with 
LPS (2.0 mg/kg; i.v. injection) for indicated time. with anti-Plvap/

125
I-SOD. Tissues were harvested 1 h 

post-injection of anti-Plvap/
125

I-SOD and relative loading was measured using gamma-counter.  n=3. Note 

the increase of PV1-dependent targeting in kidney after LPS treatment.  
 
In order to validate this notion, we tested the effect of LPS on targeting of Plvap 

Ab/SOD in mice. It has been described that LPS may either stimulate endothelial 
targeting (e.g., directed to ICAM-1) [59], or suppresses it (e.g., directed to ACE) [60, 

61]. In contrast, LPS does not affect Plvap-directed pulmonary targeting of Ab/SOD 
(Figure 8), supporting the notion that this drug delivery approach might be used in the 
context of inflammation, e.g., for anti-inflammatory therapy.  

 
In summary, results of this study show that caveolar targeting of SOD provides 

more potent anti-inflammatory effect in animal models of endotoxemia than targeted 
delivery of SOD to endothelial determinant PECAM, localized in plasmalemma domain(s) 
distinct from caveolae. This is consistent with the notion that SOD targeted to Plvap gets 

precisely to endothelial compartment(s) where superoxide anion mediates LPS activation, 
whereas PECAM-targeted that enters endothelial endosomes via a non-canonical 

pathway distinct from clathrin and caveolar endocytosis [53].  

To our knowledge, this is the first report on targeted delivery of therapeutic enzyme 
to caveolae. It also shows that this intervention may provide tangible medical benefits. It 

is tempting to postulate that targeting of SOD to caveolae may boost the efficacy and 
specificity of blocking pro-inflammatory changes induced by ligands of these cytokines.  

We think that superior anti-inflammatory effect of Plvap Ab/SOD vs. PECAM 
Ab/SOD is attributed to drug addressing to specific endothelial compartments. The latter 
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binds to endothelial cells abundantly and enters cells via non-canonical endocytosis [12], 
whereas Plvap Ab/SOD co-localizes with caveolin-1. The exact mechanism of this novel 

Plvap-dependent endocytic pathway requires further investigation. Plvap is critical for the 
formation of the stomatal diaphragms of caveolae as well as transendothelial channels 

and fenestrae [27, 62, 63]. The endothelial diaphragms are important in maintaining 
permeability of fenestrated vasculature. Without proper diaphragms blood homeostasis 
became disrupted [27, 64]. Plvap also plays a role in immune response by regulation of 

leukocytes endothelial transmigration and B cells homeostasis [25, 65]. Thus, more 
information is necessary to appraise the potential medical utility of Plvap targeting. For 

example, unanticipated effects on functions of Plvap must be addressed in healthy and 
pathologically altered animals.   

It might seem somewhat counterintuitive that targeting antioxidants requires such 

a level of precision - not just to cells of interest, or even to the vesicular compartments 
in these cells, but to the specific type of the vesicles. Reactive oxygen species (ROS) 

are generally viewed as injurious and/or signaling molecules. ROS have no specific 
receptors or acceptor molecules. These highly reactive agents act upon variety of 
biomolecules, hence limited specificity of ROS signaling. However, for the same reason 

of high reactivity, ROS act in the vicinity of their influx site. The very short distance of 
ROS action does explain why targeting is needed for their effective and specific 

interception, especially in vesicular compartments (in contrast to hydrogen peroxide, 
superoxide anion poorly diffuses via membranes, except via ion channels). Our data 
reveal a new paradigm of site specific ROS quenching by targeted antioxidant(s). 

Further investigations are warranted to better understand the mechanisms, 
opportunities and challenges.  
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